Swarming motility is a rapid and coordinated migration of a bacterial population across a semisolid surface. This multicellular phenomenon is getting increasing attention as it is suspected to be related to biofilm development of Pseudomonas aeruginosa. Published swarm plate preparation protocols differ greatly from one study to another and no reproducible and standardized protocols have been proposed to accurately study this phenomenon. We report here a rapid and highly reproducible swarm plate protocol for P. aeruginosa and show how different key parameters affect this type of motility (i.e. agar %, drying time under laminar flow, incubation temperature and pH). Results reported here will help to standardize swarming motility assays and develop effective swarm plate protocols for other bacterial species.
Introduction

*
Pseudomonas aeruginosa is a ubiquitous Gram-negative rod shaped bacterium responsible for many infections in immunocompromised hosts, burn patients and individuals suffering from cystic fibrosis. Besides wellknown swimming and twitching motilities, this bacterium is capable of another type of migration called swarming. This complex type of motility is usually defined as a rapid and coordinated translocation of a bacterial population across a semi-solid surface [9, 10] . In addition to flagella, swarming of P. aeruginosa requires the production of two biosurfactants, rhamnolipids (RLs) and 3-hydroxyalkanoic acids (HAAs) [3, 7, 11, 18] . Since RLs are also implicated in many aspects of biofilm development [1, 5, 14] , it is believed that these two multicellular behaviors are linked. Moreover, recent reports suggest a complex relationship between swarming motility and biofilm development [2, 12, 13, 17] .
The ability to display swarming motility is usually evaluated using various swarm plate assays in which special agar plates are spot-inoculated at the center and Correspondence: Eric Déziel, 531 Boul. des Prairies, Laval (Québec), Canada H7V 1B7 E-mail: eric.deziel@iaf.inrs.ca Phone: (450) 687-5010 Fax: (450) 686-5501 incubated for several hours. The diameter of the resulting "motility zone" formed by migrating bacteria is then measured. However, P. aeruginosa and other bacterial species have been reported to form complex branched fractal patterns while swarming. Measuring a fractal motif formed by a living organism can prove to be a difficult and unreliable exercise. Moreover, as protocols for swarm plate preparation are quite different from one study to another, it is difficult to compare swarming behaviors between different published reports. Additionally, swarming assays have been notoriously unpredictable, presenting poor reproducibility. In order to help prevent such inconsistencies, we present here a rapid swarm plate preparation protocol for P. aeruginosa providing highly reproducible results while also reporting different parameters (i.e. % agar, temperature, drying time, pH) affecting this type of motility.
Materials and methods
Bacterial strains, media and growth conditions P. aeruginosa strain PA14 [15] was used for the experiments, unless stated otherwise. Also, various assayed PAO1 P. aeruginosa strains were kindly provided by G. Soberón-Chávez (Universidad Nacional Autónoma de [18] .
Swarm plates assay
Freshly autoclaved medium, to which sterile MgSO 4 and CaCl 2 2H 2 O was added thereafter, was poured into Petri dishes disposed in two rows at the center of a laminar flow cabinet on the length axis. Plates were allowed to dry for 60 min., unless stated otherwise. Five µl of bacteria suspended in phosphate-buffered saline adjusted to OD 600 3.0 were spotted on each plate, which were then incubated at 30 °C, unless stated otherwise, for 16 h. The pH was adjusted after autoclaving with HCl and NaOH. Plates were dried under laminar flow for 60 min but with the first 20 min under UV light to ensure plates were sterile following pH adjustment.
Dry weight determination
Surface-grown bacteria were homogenized with 1 ml reverse-osmosis water, gently harvested with a pipette and plastic scraper, transferred to a preweighed small aluminum cup, dried O/N at 60 °C and finally weighed. Dry weight determination on swarming medium was done using a single inoculum (5 µl) on each plate while non-swarming plates were inoculated with 10 distinct spots (because of limited growth area in this condition) and divided by 10 to obtain dry weight produced by a single colony.
Swarm plate surface coverage
Determination of the percentage of swarm plate surface coverage was performed essentially as described [2] . Briefly, a swarm plate image was captured with a digital camera (Canon EOS 10D), false colored using PaintShopPro (Jasc) to provide ample contrast between the bacterial swarms and the agar surface in order for the pixels to be counted using ImageJ (NIH). Comparison between swarming pixels and total plate pixels was performed.
dRLs and HAAs agar diffusion measurements Measurements were performed as described [18] . Briefly, a small paper disc soaked with dRLs and HAAs was deposited at the center of a plate solidified with 0.3%, 0.5% or 1% agar. After 10 min of diffusion, 5.5 mm diameter agar coupons were extracted at various distances from the disc. dRLS and HAAs were then extracted from agar coupons and quantified by liquid chromatography/mass spectrometry (LC/MS).
Results and discussion
Swarming motility depends on agar % and drying time under laminar flow Previous reports on P. aeruginosa swarming motility have shown that swarm plates preparation protocols used to observe this phenomenon are quite arbitrary. For instance, Caiazza et al. (2005) used a swarm plate protocol in which the medium (modified M8 with 0.5% agar) was poured into Petri dishes in the morning and allowed to dry on the bench throughout the day. Plates were then inoculated in triplicate and incubated for 16 hrs at 37 °C followed by 32 hrs at room temperature (total time of incubation: 48 h). They also reported that comparison of swarming experiments where made only among plates poured from the same batch of agar, presumably because of reproducibility issues. Another protocol described swarm plates (Difco nutrient broth supplemented with glucose and solidified with 0.5% agar) dried at room temperature overnight before being inoculated then incubated at 30 °C [6, 7] . Kohler et al.
(2000) reported a protocol into which swarm plates where composed of modified M8 medium also solidified with 0.5% agar. They allowed plates to solidify and briefly dry before being inoculated and incubated at 37 °C [11] . Published protocols for preparation of swarm plates are quite diverse, which inevitably results in non-comparable swarming phenotypes from one study to another.
Although an agar concentration of 0.5% is a variable that remains constant throughout most published swarming reports with P. aeruginosa, the drying time is quite variable from one procedure to another. We therefore investigated the effect of various agar concentrations (0.3, 0.5, 0.7, 1 and 1.5%) vs. drying periods on the expression of swarming motility. We found that swarming is modulated not only by the agar concentration but also by the drying time under laminar flow ( Fig. 1) . Longer drying times and higher agar % plates generally inhibit swarming while low agar % and shorter drying times support an unorganized type of swarming motility with formation of undefined tendrils. For instance, 1% agar plates allow swarming with tendrils for a drying period between 15 and 20 min (Fig. 1A) . However, plates solidified with 0.5% agar support robust and reproducible swarming when dried between 30 and 200 min. Moreover, the distance traveled by tendrils migrating gradually gets shorter as the drying time increases, ultimately resulting in the absence of tendrils beyond a critical drying period.
Swarming morphologies of Fig. 1A have been plotted (Fig. 1B) to illustrate under which values of agar % and drying time swarming with tendril formation does occur. Thus, plates can be divided in three zones: 1) swarming with undefined tendrils, 2) swarming with defined tendrils and 3) absence of swarming. Between 0.3 and 0.7% agar, swarming occurs under a quite large drying time interval. However, higher values of agar concentration still allow swarming expression, in contrast to what is generally considered in the literature. Thus, for a given agar concentration, swarming motility can occur under an appropriate plate-drying period. On plates dried for a short period, bacteria are generally capable of a poorly defined and not reproducible kind of rapid disorganized surface motility covering large areas. Plates dried for a longer period promote the formation of defined migrating tendrils and as drying time increases, tendrils migrating speed steadily decreases to eventually reach a critical point where no motility is observed. Our data shows that a key factor to induce robust swarming expression is to find an appropriate compromise between agar concentration and drying time (Fig. 1B) .
We and others recently reported that swarming motility in P. aeruginosa relies on HAAs and RLs [3, 7, 18] . These two types of molecules respectively inhibit and promote tendril formation while displaying different diffusion kinetics in the agar [18] . Drying time should affect the wetness of the agar. Plates dried for a shorter time should have water more readily available compared to plates dried for longer periods resulting in different diffusion kinetics of biosurfactants, which require an aqueous environment to diffuse. To confirm this hypothesis, we performed diffusion experiments of di-rhamnolipids (dRLs) and HAAs (Fig. 2) . Results show that diffusion kinetics of both molecules is inversely proportional to the agar concentration. Diffusion of dRLs and HAAs is especially rapid in 0.3% agar, which would disturb their regulatory effects on tendril formation and migration. On plates dried for a longer period still supporting swarming, the presence of short tendrils is possibly caused by the slow diffusion rates of HAAs and dRLs which consequently slow down the migration of tendrils.
We noticed that an important factor for swarming reproducibility is the position of swarm plates under Figure 2 . dRLs and HAAs diffusion speed is affected by the agar concentration of swarm plates. 6 mm paper discs impregnated with dRLs and HAAs were deposited on plates for 10 min. Then, dRLs and HAAs were extracted from the agar at increasing distance from the centre, and quantified. The diffusion kinetics of HAAs and dRLs increase with decreasing agar concentration. laminar flow during the drying period. Indeed, swarming colonies on plates dried at the center of the laminar cabinet surface display higher average surface coverage (29.18% ± 4.01) compared to the ones dried on the cabinet's sides (18.41% ± 3.22) with a significant difference in overall morphology (data not shown). This is probably because plates localized at the borders of the laminar cabinet (near ventilating vents) are kept under a higher airflow intensity compared to plates placed in the middle of the cabinet. The airflow intensity is not the same from one cabinet to another. Therefore, the drying time of 60 min reported here reflects the optimal drying time using our own cabinet and is not necessarily equivalent to the drying time of other cabinets.
Our data indicates that the swarming phenotype of P. aeruginosa PA14 is optimally reproducible and robust on a modified M9 medium solidified with 0.5% agar (described in Materials and methods) and dried for 60 min under laminar flow.
Incubation temperature influences swarming motility
Incubation temperature has an effect on the width and length of tendrils as low temperatures (17 and 22 °C) elicit short tendril migration distances compared to temperatures of 30 °C and above (Fig. 3) . Tendrils sharpness is better at 22 °C and decreases steadily as the incubation temperature gets higher. Bacteria incubated at inferior temperatures have a lower metabolic activity compared to bacteria incubated at higher temperatures, thus likely explaining why swarming colony expansion increases as the temperature gets higher. Coverage area of swarming colonies is also proportional to temperature and is the highest at 41 °C, even though tendril length is the same above 30 °C, indicating larger/less defined tendrils. Swarming expression is significantly reduced at 17 °C and 22 °C. Additional swarming experiments were performed on large Petri dishes (150 mm) incubated at 34 °C, 37 °C and 41 °C. This showed that colony morphology is essentially the same at every temperature. However, migration speed of tendrils at these higher temperatures is faster than the one observed at 30 °C (data not shown). This means that the difference in colony morphology observed in standard 100 mm Petri dishes is caused by a "boundary effect". When there is no more available space to be colonized onward by the migrating front, the biomass of the entire colony grows, the tendrils display a tendency to get larger, and eventually cover the free space between them (confirmed with time-lapse movie; data not shown). Even if swarming is possible under all tested incubation temperatures, the optimal temperature should be the one that allows appropriate devel- opment of swarming (tendril migration length and covered area) over a convenient period of time. We found that PA14 swarming tendrils reach the Petri dish's border after a 30 °C incubation period of about 16 h, which is a well-suited time period for daily-basis experiments. Thus, 30 °C appears to be an ideal temperature for swarming motility assays of P. aeruginosa PA14 because it triggers the formation of well-defined tendrils with a proper migration speed.
Swarming motility is influenced by pH
To determine if swarming motility is affected by acidic/ alkaline conditions, swarm assays where performed under various pH levels. We found that bacterial colonies do not expand at pH 3 and 4, but are well developed between pH 5 and 9 (Fig. 4A) . Inhibition of swarming at pH 3 is correlated with a very low dry weight biomass (Fig. 4B) , suggesting that swarming does not occur because of altered bacterial growth. Plates at pH 5, 6 and 6.35 present similar swarming patterns, with numerous ramifications at pH 5 (Fig. 4A) . Between pH 7 and 9, swarming colonies display a high number of tendrils with reduced migration compared to lower pH values (Fig. 4A) .
To determine if there is a relationship between the swarming phenotype and bacterial growth, the total dry weight of swarming colonies at each pH value was determined (Fig. 4B) . We found that biomass production on swarm plates is maximal at pH 5 and then decreases with increasing pH. Dry weight is comparable for pH 4 and pH 9, while swarming motility is expressed only at the latter pH. It is interesting to notice that the biomass is the same at both pH 4 and 9, while the surface coverage is quite different, indicating that swarming tendrils observed at pH 9 contain a very thin layer of bacteria. Interestingly, total biomass of colonies at pH 7, 8 and 9 are comparable to the one obtained at pH 4 where no swarming is observed (Fig. 4B) . Thus the non-swarming phenotype observed at pH 4 is unlikely to result from a growth defect. This might be related to the fact that aggregation of rhamnolipid monomers as micelles and vesicles is pH dependant; a low pH value (pH 5.5) prevents micelle formation at the expense of lamellar structures as where higher values (pH 6 to 7.5) promote formation of large vesicles [4] . Autoclaved swarming medium used in this study typically presents a pH varying between 6.3 and 6.4. Since this pH range induces an identical swarming phenotype (data not shown), we found that adjusting the pH after autoclaving is not necessary.
To determine if bacterial biomass production is affected solely by pH and not by the agar concentration, biomass production at various pH values on plates not allowing swarming expression (i.e. 1% agar, dried for 60 min) was also investigated (Fig. 4C) . Biomass production pH preference was similar to the one observed on swarm plates (0.5% agar) (Fig. 4C ) but allows about ten times less biomass production. This indicates that swarming motility not only maximizes surface colonization but also biomass production. Bacterial growth was also determined in broth culture to confirm results on agar-solidified media. As it is the case for solid and semi-solid conditions, growth in liquid cultures presents a maximal value at pH 5 and then gets lower as pH gets higher. However, in contrast with agar surface growth, P. aeruginosa is not able to grow at pH 4 in liquid under our conditions (data not shown).
Swarming of various P. aeruginosa strains Experiments described here show that different factors can affect the swarming motility of P. aeruginosa strain PA14. However, other strains of this specie are routinely used in many laboratories. Swarming motility, under conditions we found optimal for strain PA14 (i.e. 0.5% agar with 60 min drying) were tested with strains PAK, PG201 and various PAO1 isolates (Fig. 5) . Although the swarming phenotype is sometimes quite different from the one displayed by PA14, all strains tested where capable of swarming motility. PAO1-Lory strain did not produce tendrils but was able to colonize the entire available surface, while PG201 displayed a flowery pattern. PAK was also able to produce faint tendrils. Presumably, the defective expression of tendrils by these three strains is caused by an improper agar % and/or drying period, suggesting that they possibly require different conditions than PA14. Indeed, from Fig. 1 , motility with absence of tendril formation is a characteristic of plates having low agar % and/or low drying time. However, the PAO1-Lory strain is known to carry a frame-shift mutation in pilC which encodes a type IV fimbrial biogenesis protein, making it deficient in twitching motility [8] . Köhler et al. (2000) reported that a pilA (coding for type IV pilin) mutant lacking twitching was also deficient in swarming. However, it was also reported that a mutant in the same gene (pilA) was capable of swarming motility [16] and even hyperswarming [17] . Involvement of type IV pili in swarming is still unclear and may have a still unknown role on this type of motility. All the other PAO1 strains (ATCC, Singh, Soberón-Chávez, Poole) produced tendrils, with more ramifications than the ones displayed by PA14. To confirm that the ratio of drying time/agar % shown in Fig. 1 can be applied to other P. aeruginosa strains, swarming experiments were performed with PAO1-Lory and PAK on plates solidified with 0.5% and 1% agar and dried for different time periods. This showed that the diameter of swarming colonies produced by both these strains is inversely proportional to the agar % and drying time, as expected (data not shown). Also, extended incubation of both these strains at 17 °C on 0.5% agar dried for 30 min to 200 min allowed the formation of short tendrils. As observed with PAO1-Lory and PAK, we suggest that varying slightly the parameters within the limits described here (agar %, drying time, incubation temperature and also pH) will modulate the swarming phenotype of other strains, and even other bacterial species.
Concluding remarks
Swarming motility of P. aeruginosa is gaining increasing attention as many connections between this multicellular behavior and biofilm development are being demonstrated. The purpose of this study was to assess the factors influencing the formation of a swarming motility phenotype by P. aeruginosa. Published protocols on the preparation of swarm plates differ a lot from one study to another, which inevitably results in having low reproducible and non-standardized swarming results. We provide key insights to develop adequate swarming medium that should be relevant to other bacterial species as well. Key factors for this type of motility are agar concentration, plate drying time, temperature of incubation, and pH of the medium.
